Objective. The aim of this study was to compare two different microelectrode materials-the conductive polymer composite poly-3,4-ethylenedioxythiophene (PEDOT)-carbon nanotube (CNT) and titanium nitride (TiN)-at activating spikes in retinal ganglion cells in whole mount rat retina through stimulation of the local retinal network. Stimulation efficacy of the microelectrodes was analyzed by comparing voltage, current and transferred charge at stimulation threshold. Approach. Retinal ganglion cell spikes were recorded by a central electrode (30 μm diameter) in the planar grid of an electrode array. Extracellular stimulation (monophasic, cathodic, 0.1-1.0 ms) of the retinal network was performed using constant voltage pulses applied to the eight surrounding electrodes. The stimulation electrodes were equally spaced on the four sides of a square (400 × 400 μm). Threshold voltage was determined as the pulse amplitude required to evoke network-mediated ganglion cell spiking in a defined post stimulus time window in 50% of identical stimulus repetitions. For the two electrode materials threshold voltage, transferred charge at threshold, maximum current and the residual current at the end of the pulse were compared. Main results. Stimulation of retinal interneurons using PEDOT-CNT electrodes is achieved with lower stimulation voltage and requires lower charge transfer as compared to TiN. The key parameter for effective stimulation is a constant current over at least 0.5 ms, which is obtained by PEDOT-CNT electrodes at lower stimulation voltage due to its faradaic charge transfer mechanism. Significance. In neuroprosthetic implants, PEDOT-CNT may allow for smaller electrodes, effective stimulation in a safe voltage regime and lower energy-consumption. Our study also indicates, that the charge transferred at threshold or the charge injection capacity per se does not determine stimulation efficacy.
Introduction
Electrical stimulation of neuronal tissue or of nerve fibers represents a key technology in neuroprosthetic applications including the treatment of deafness through cochlear stimulation [1] , of Parkinson's disease and obsessive-compulsive disorders through deep brain stimulation [2, 3] , of epilepsy and depression through vagus nerve stimulation [4] [5] [6] or of certain forms of blindness through stimulation of the remaining neural retina [7] . In these applications electrical stimulation is achieved either by constant-voltage pulses or by constant-current pulses. While for constant-voltage pulses [2, 6, 8] an upper limit can be easily selected to prohibit electrochemical reactions at the metallic electrode surface, the constant current mode [1, 2] circumvents stimulus variability caused by long-term variations of the implanted electrode impedance. Irrespective of these working modes, two research themes are common to the listed neuroprosthetic applications: (i) reducing the stimulation electrode size within safe stimulation limits towards improved spatial resolution [9] and (ii) an improved understanding of the stimulation mechanism towards more efficient protocols [10] . Efficient protocols are those which use low stimulation pulses (voltage or current amplitudes, depending on the working mode) and for which the injected charge density remains below safety limits of tissue damage [11] .
Electrode improvements are commonly quantified by higher charge injection capacity (CIC), which represents the integral of stimulation current during the leading stimulation phase [10, 12, 13] . CIC is also measured by cyclic voltammetry (CV) with a slow sweep rate (10-100 mV s −1 ) well within the water electrolysis window (typically −0.6 to +0.8 V versus Ag/AgCl) [10] . Higher CIC is considered to be beneficial because more charge may be available to depolarize the neuronal membrane and thereby evoking a functional response. While the latter argument will be reanalyzed here, the CIC reflects the charge density available for stimulation within a voltage regime that does not lead to electrochemical side reactions or electrode degradation [10, 14] . With respect to high charge injection within safe voltage limits, different electrode materials are available [10] : so-called capacitive materials inject charge mostly through charging and discharging of the capacitive double layer. Charge injection is increased by increasing the surface area, like in the case of fractal titanium nitride (TiN) or all carbon-based high-surfacearea materials, e.g. carbon nanotubes (CNTs) [15, 16] . Nobel metals like platinum or platinum iridium alloys transfer charge through a surface-confined faradaic reaction where reduction or oxidation takes place at the electrode/electrolyte interface. Again, charge transfer is related to the electroactive surface area which is why porous electrodes like platinum black or fractal PtIr were developed. More recently, faradaic materials such as iridium oxide and conducting polymers (i.e. poly-3,4-ethylenedioxythiophene (PEDOT)) emerged. They transfer charge by a valence change in the bulk of the material thereby increasing the CIC even further. PEDOT has been recently suggested to be suited for retinal stimulation applications [12, [17] [18] [19] [20] [21] . The incorporation of CNTs into conducting polymers does not only improve the stability of the polymer but increases the charge available for stimulation [22] [23] [24] . To our knowledge, there is no simple relation between electrode CIC and stimulation efficiency. We therefore compared two different electrode materials, TiN [8, 25] and PEDOT-CNT, in the same experimental setting with respect to the relevant stimulation parameters (voltage, charge and current) at stimulation threshold. Materials with lower stimulation voltage and lower charge avoid electrochemical side reactions and may enable implants with longer battery lifetime accordingly.
Neuronal stimulation relies on the depolarization of the transmembrane voltage above the threshold required to evoke an action potential. To reach this threshold either (i) part of the cell membrane needs to be depolarized by the extracellular voltage [26] [27] [28] or (ii) part of the axon needs to be depolarized by a local variation of the extracellular voltage [28] [29] [30] . The amplitude of the extracellular voltage is changed by the stimulation current across the resistive extracellular space [31] while the curvature of the extracellular voltage varies mostly at the stimulation electrode's edge [29, 32] . To assess stimulation efficacy of different materials using electrodes of the same size, it is crucial to investigate the electrical stimulation of neurons caused by amplitude variations of the extracellular voltage. Stimulation of different retinal cell types is a well-studied system with good knowledge about the effects of stimulus polarity on the different neuronal cell types [27, 33] . Stimulation of retinal ganglion cell spikes within 1-3 ms after stimulus onset is determined by the extracellular field gradient and the position of the axon initial segment with respect to the electrode edge [29, 34] . The stimulation of these spikes is therefore not well suited to evaluate stimulation performance of different materials and is hence not considered here.
In this study we have focused on the stimulation of retinal bipolar cells-excitatory interneurons which survive during retinal degeneration with little morphological changes [35] . Bipolar cells activate postsynaptic ganglion cells, evoking action potentials which are easily detectable by extracellular electrodes. Here we employ a ring-like stimulation electrode configuration comprising one electrode in the center which records the evoked ganglion cell spiking. Stimulation of retinal neurons presynaptic to the ganglion cells has received increased interest in subretinal [27, 36] as well as in epiretinal [37] neuroprosthetic applications.
Methods

Fabrication and characterization of PEDOT-CNT microelectrode arrays (MEAs)
All experiments were carried out with either one MEA comprising PEDOT-CNT coated electrodes or one MEA comprising TiN electrodes. The MEA (Multi Channel Systems MCS GmbH, Germany) with TiN microelectrodes (30 μm diameter, 200 μm electrode spacing) served as control. PEDOT-CNT electrodes were fabricated as described by Gerwig et al [24] . Briefly, a commercial MEA (Multi Channel Systems MCS GmbH ) with 59 gold electrodes of 30 μm diameter (200 μm spacing) on float glass substrate with Si 3 N 4 insulator was pretreated in air plasma and electrochemically cleaned by CV in 0.5 mol L −1 deoxygenized sulfuric acid for 30 cycles (0.4-1.4 V, ν = 0.1 V s −1 ). Electropolymerization was carried out in an aqueous suspension of poly(sodium-pstyrenesulfonate) (PSS, M w ≈ 70 000 g mol −1 , Acros organics), single walled CNTs (SWNTs, P 2 -SWNT, Carbon Solutions, Inc.) and 3,4-ethylenediethoxythiophene (EDOT, Aldrich). SWNTs (0.3 wt%) were suspended overnight in 1% PSS using an ultrasonic horn. After centrifugation and filtering of the CNT suspension, 0.02 mol L −1 EDOT was added. Galvanodynamical electropolymerization was carried out by increasing the current by 1 nA s −1 to a final current of 15 nA (current density of 2.1 mA cm ) followed by a galvanostatic period. The total charge deposited was 600 nC (85 mC cm −2 
Preparation of retina and interfacing with MEA
All experimental procedures were carried out in compliance with institutional guidelines. The preparation of the retina and interfacing the MEA follows a previous report [38] . Female Sprague Dawley rats (older postnatal day 40) were anesthetized by CO 2 and killed by cervical dislocation under laboratory light (no dark adaptation). Under a dissecting microscope isolated eyes were hemisected, the vitreous body was carefully removed and the retina was peeled off the sclera. Retinal portions, which extended well beyond the electrode area, were mounted ganglion cell side down on the recording array. The array surface was coated previously with poly-L-lysine hydrobromide (1 mg ml −1 in ultra-pure water, M W = 150 kDa, Sigma Aldrich, Germany). During recordings, retinae were constantly perfused with warm (35-37°C) oxygenated Ames' medium (A 1420, Sigma Aldrich, Germany) at a rate of 4 ml min −1 .
Electrical stimulation
Previous work established that in epiretinal configuration cathodic constant current pulses depolarize bipolar cell terminals [27] . We used constant voltage pulses here, because such pulses are used in retinal implants [8] or in DBS [39] . The somewhat more complex stimulation current and its implications on stimulation efficacy will be discussed. To generate an electric field which equally affects the interfaced retinal network presynaptic to the recorded ganglion cell, we applied the cathodic (negative) voltage stimulus simultaneously to eight electrodes surrounding the recording electrode (see figure 1) . A larger electrode on the array, separated by at least 3.6 mm from the stimulation electrodes was used as counter electrode. Stimulus amplitudes varied from 0 to 1.6 V in steps of 200 mV for stimulus durations of 0.1 and 0.2 ms respectively. For electrode safety reasons stimulus amplitudes ranged between 0 and 1 V (stepsize: 100 mV) for 0.5 and 1 ms stimuli only. Nine experiments conducted with PEDOT-CNT electrodes were evaluated here. They were compared to 12 experiments conducted with TiN MEAs.
Detection of ganglion cell spikes
Ganglion cell spikes was recorded with the centermost electrode using an external microelectrode amplifier (Multi Channel Systems MCS GmbH). Spike detection was performed using a threshold of six times the electrode noise standard deviations. Spike sorting was performed using KlustaKwik [40] . The extracellular voltage waveforms (see figures 2(A) and (B)) indicate that we recorded from cell soma only. Ganglion cells with similar signal amplitudes were selected for analysis on both MEAs to avoid any influence of stimulation threshold due to differences in adhesion. Data analysis was performed using custom-written software in MATLAB (Mathworks, Nattick, USA).
Measurement of the stimulation current
The stimulation current across the ground electrode was measured using a custom-made transimpedance amplifier connected to a data acquisition card (PCI-MIO-16E-1, National Instruments Germany GmbH, sampling rate: 1.25 MHz). These measurements were performed with slight hardware modifications compared to ganglion cell detection. The MEA amplifier was disconnected to avoid the influence of resistances and capacities but otherwise the same stimuli were applied through the same set of electrodes. Due to technical restrictions the stimulation current for the shortest pulse duration of 0.1 ms could not be measured. The experiment was performed with the retina attached to the MEA after the termination of the stimulation and ganglion cell recording experiment.
Definition of stimulation threshold
The stimulation threshold is defined as the voltage amplitude which should be applied to the stimulation electrodes to evoke one ganglion cell spike in 50% of all stimulus repetitions. Here we evaluated ganglion cell spike in the time window between 10 and 20 ms following stimulus onset. The spiking probability is evaluated for twenty stimulus repetitions. A sigmoidal fit (Boltzmann fit) is applied to the data and the voltage value at 50% probability is extracted from the approximation as the threshold voltage (see figure 2(C) ). This threshold definition has the advantage over firing rate definitions that an upper bound (100%) is always achieved.
Results
Retina stimulation
To evaluate the stimulation performance of the different electrodes we interfaced ex vivo retina to the planar MEA with the ganglion cell layer in close proximity to the electrode (epiretinal configuration, see figure 1(A) and bipolar cells axon terminals ∼50 μm from the stimulation electrodes. Stimulation was performed using eight electrodes surrounding the recording electrode (see figure 1(B) ). This configuration was selected to avoid spatial selectivity. Scanning electron are used in implanted neuroprosthetic devices [7] . Although the composite PEDOT-CNT material (E) offers lower impedance, it is currently used for exploratory research only. Both electrode materials have been characterized in previous reports with respect to their electrical characteristics [10, 24] . TiN shows almost pure capacitive charge transfer behavior and due to its nanocolumnar structure and resultant high surface area (D) it exhibits the highest CIC of state-of-the-art electrode materials [10, 41] . In contrast, conducting polymers like PEDOT transfer charge via a faradaic mechanism where the redox active centers in the polymer are oxidized and reduced. This electron transfer is accompanied by diffusion of counter ions balancing the charge. As diffusion limits the maximum transferrable charge, nanostructuring, e.g. by incorporating CNTs, improves charge transfer characteristics of conducting polymers [22] [23] [24] 42] . The applied electrical stimulus leads to strong polarization of the retina, typical 10-30 mV. Within 1-3 ms after stimulus onset direct ganglion cell activation may occur [29, 34] . However, this so-called direct stimulation does not rely on the amplitude of the extracellular voltage but rather on the electrode geometry and on local variations of the extracellular voltage [29, 30, 44] . Direct stimulation is therefore not well suited to evaluate stimulation performance of different materials as aimed for in this study and is therefore not considered in this study.
In contrast, so-called indirect stimulation, i.e. the activation of retinal bipolar cells, is driven by the voltage drop across the retina which is assumed to depolarize the bipolar cell terminals. Ganglion cell spikes driven by bipolar cell activation occur with a delay of 10-20 ms following stimulus onset [27] . Here we therefore evaluate only the spikes which occur in this time interval. In a control experiment we confirmed that after addition of the ionotropic glutamate receptor blocker DNQX (20 μM), which blocks the AMPA/kainate receptor mediated transmission from bipolar to ganglion cells, no ganglion cell spikes were detected in this time interval (data not shown). Ganglion cell spikes with latency longer 20 ms (see figure 2(B) ) can be attributed to photoreceptor activation or potentially to the activation of inhibitory neurons [27, 45, 46] . Given the unknown relation between late ganglion cell spikes and stimulated electric field, they are not analyzed any further in this study.
Recording of the stimulated ganglion cell spikes was performed with the center electrode as shown in figure 1(B) . These spikes lead to small deflections of the extracellular potential (see figures 2(A) and (B). For each stimulus duration, the amplitude of the stimulation voltage is increased in increments either 100 or 200 mV as described in the methods section. The voltage for which the spiking probability in the post-stimulus time window of 10-20 ms reaches 50% is considered the threshold voltage (see also methods section). In figure 2(C) the spiking probability for one ganglion cell on a TiN MEA stimulated by the four different stimulus durations is shown. Ganglion cells with similar spike amplitudes were recorded on PEDOT-CNT MEAs as well. To exclude selectivity of one electrode type we selected ganglion cell recordings with similar amplitudes (mean amplitude: 200 μV, compare figures 2(A) and (B) and supplemental figure 1) . As a first result we note that for increasing stimulus durations the threshold voltage decreases. The spontaneous ganglion cell activity occasionally leads to an offset of the probability function at very low stimulation voltages. This offset is considered in the threshold evaluation. The quantitative comparison of stimulation thresholds for the two different electrode materials is performed in the next paragraph.
Stimulation thresholds for PEDOT-CNT electrodes versus TiN electrodes
The stimulation threshold for indirect ganglion cell spikes was evaluated by increasing the voltage amplitude in incremental steps followed by the estimation of the 50% threshold, as shown in figure 2(C) . The individual threshold values at each of the four stimulus durations are shown in figure 3(A) . The voltage thresholds for stimulation with TiN electrodes (12 experiments) are higher as compared to PEDOT-CNT (nine experiments). We note, however, that for short stimulus duration (0.1 ms) there is considerable but not statistically significant overlap of threshold voltages. For each stimulus duration we also find large threshold variability. This variability is most likely attributed to different adhesion properties of the retina on the array. In one retina on a TiN MEA we stimulated three different RGCs. The threshold variability (standard deviation: 160 μV for 1 ms stimulation, n = 3) found among neurons in the same preparation similar to the variability encountered across all recordings (std: 142 μV, n = 12 ganglion cells). We further note that the threshold voltage does not relate to the electrode impedance for the two electrode materials (supplemental figure 2) .The mean threshold values are shown in figure 3(B) . While the mean threshold voltages for TiN electrodes range between 800 mV (for 0.1 ms pulse) and 600 mV (for 1 ms pulse) the mean threshold voltage for PEDOT-CNT electrodes range between 500 mV (0.1 ms pulse duration) and 200 mV (1 ms pulse duration). The differences between the mean threshold values are significantly different for each stimulus duration. The significance level is better than 0.001 (t-test) for each stimulus duration.
Charge difference does not predict the different behavior at threshold
CV is commonly used to assess the CIC for different electrode materials. We performed CV measurements of the two materials in a voltage range well within the water window (−0.6 to +0.8 V versus Ag/AgCl). The measurements (see figure 4 (A)) reveal higher current for PEDOT-CNT as compared to TiN in a cyclic voltammogram (in PBS, scan rate 0.1 V s −1 ). Integrating the cathodic part of the current-time response yields a CIC of 3.7 ± 1.2 mC cm −2 for TiN (n = 6). The CIC for PEDOT-CNT is about three times higher with 10.9 ± 1.9 mC cm −2 (n = 6).
A similar result is obtained by comparing the total charge injected during a constant voltage pulse (see figures 4(B) and (C)). The injected current (see figure 4(B) ) is measured as described in the method section. The total charge delivered during the pulse is calculated by integrating the current during the cathodic phase. For a given stimulus duration the total charge delivered increases linearly with applied voltage for PEDOT-CNT electrodes (see figure 4(C) ). The result shown in figure 4(C) obtained for one PEDOT-CNT MEA (open symbols) with 0.5 ms stimuli was replicated qualitatively with 0.2 and 1 ms stimuli as well (data not shown). The total transferred charge increases for TiN electrodes with increasing voltage as well, however with smaller slope compared to PEDOT-CNT. For each voltage amplitude we calculated the charge ratio between the two materials. This ratio ranges from 2 to 3, in agreement with the CV measurement.
We now return to the question of whether the transferred charge is responsible for an effective stimulation, i.e. whether at threshold PEDOT-CNT electrodes transfer the same amount of charge as TiN electrodes, which display higher voltage threshold (see figure 3(B) ). We evaluate the total transferred charge at the voltage threshold Q thr for five experiments with TiN electrodes and for five experiments with PEDOT-CNT electrodes. These experiments represent a subset of the experiments presented in figure 3(B) . The values for Q thr are evaluated for each experiment using a relation as shown in figure 4(C) and the known threshold voltages from figure 3(A) . We note that for each of the ten experiments evaluated in the following, a slightly different voltage-charge relation (exemplarly shown in figure 3(B) ) is measured experimentally and used to estimate Q thr . The evaluation of Q thr reveals that at threshold voltage, PEDOT-CNT electrodes deliver less charge as compared to TiN electrodes (see figure 4(D) ). The mean charge at threshold for PEDOT-CNT electrodes ranges between 1 and 5 nC while for TiN Q thr ranges between 5 and 10 nC. For each of the three evaluated stimulus durations (0.2; 0.5 and 1 ms) the mean total charge at threshold for PEDOT-CNT electrodes is significantly smaller than the mean total charge for TiN electrodes (p < 0.01). This result suggests that the charge delivered at threshold does not explain the differences in stimulation efficacy. We do not intend to state that charge is not required; however, the amount of charge transferred at threshold for a constant voltage pulse is not the determinant factor.
Residual current explains effective stimulation
In search of the physical parameter which determines the stimulation effect presented in figure 3 , we evaluated two additional measures of the stimulus waveform at threshold voltage for the same ten experiments presented in figure 4(D): the maximum current (see figure 5(A) ) and the residual current at the termination of the cathodic pulse (see figure 5(C) ). Figure 5 (A) displays current traces recorded with the two electrode materials at their respective threshold voltages. The TiN electrodes produce a large maximum current of 200-400 μA, due to their capacitive properties. For PEDOT-CNT electrodes the maximum currents at threshold are much lower and well below 100 μA (see figure 5(B) ). The mean of the maximum currents are significantly different (p < 0.01) for the two electrode materials at their respective threshold voltages. We conclude that the maximum current delivered at threshold does not predict the stimulation efficacy.
We also note that for both electrode materials the current decays to about 10% of its maximal value within 0.1 ms. For the remaining time of the stimulation pulse a constant residual current (I res ) flows across the electrodes (see figure 5(C) ). We evaluate I res for each of the ten stimulation experiments for the three stimulus durations (0.2, 0.5 and 1 ms). At each of the three tested stimulus durations the residual currents for the two electrode materials are indistinguishable (see figure 5(D) ); the mean values are not significantly different (p-values > 0.05). We conclude that I res , which is the same for the two electrode materials at their respective threshold voltage, plays a decisive role for efficient stimulation. The residual current most probably acts by charging the bipolar cell terminals, which then leads to the threshold depolarization of the postsynaptic ganglion cell.
Discussion
Using a well-defined neuronal preparation and voltage-controlled stimulation protocols under equivalent laboratory settings we have compared and demonstrated differences in electrical stimulation efficacy of two electrode materials. PEDOT-CNT coated electrodes allow stimulation of retinal bipolar cells and possibly of retinal interneurons [33, 45, 46] at lower voltage and require lower charge injection as compared to TiN. These results were obtained using a ring-like stimulation electrode configuration comprising one center microelectrode recording the ganglion cell spiking. From a neuroengineering perspective, the application of a continuous current of small amplitude (∼5 μA) for at least 200-500 μs appears to determine the stimulation threshold for the investigated neuronal preparation. In the following we discuss our findings in the context of previous studies and suggest future strategies of improving electrical stimulation.
The applicability of electrode materials for electrical stimulation is usually assessed by their CIC which is often evaluated from CV measurements [10, 12, 42] . Our results, however, indicate that the CIC alone is not well suited to describe stimulation efficacy per se. The apparent contradiction between large CIC for PEDOT-CNT and low charge injection at threshold underlines this statement. Our result of different amounts of total charge transferred at threshold (see figure 4 ) may also explain the reported variability of Q thr among different studies employing different materials [27, 47, 48] .
The CIC, however, determines the minimal size limit of the stimulation electrode. Given that (i) PEDOT-CNT has higher CIC compared with TiN (see figure 4(A) ), (ii) PEDOT-CNT injects 2-3 times more charge during short pulses (see figure 4(C) ) and (iii) less charge injection at threshold is required with PEDOT-CNT electrodes (see figure 4(D) ) we infer that smaller stimulation electrodes can be built as compared to published state-of-the-art electrodes [25] . Electrode size relates to the spatial resolution which can be obtained by retinal implants [49] , within the limits imposed by current spread in the interfaced biological tissue [50] . Furthermore, for each material a maximal CIC needs to be determined to avoid electrode damage through delamination. Delamination is encountered with conducting polymers due to ionic diffusion and associated swelling during charge transfer [21, 42, [51] [52] [53] . Besides an increase in CIC, incorporating CNTs in conducting polymers also improves the mechanical stability and adhesion significantly [22, 24, 54, 55] making them suitable candidates even for long-term in vivo applications [56, 57] . For effective stimulation our results indicate that small continuous currents of approximately 5 μA applied for 500-1000 μs (see figure 5) to the retinal network may be sufficient to evoke ganglion cell spikes. Stimuli shorter than 200 μs are able to stimulate retinal neurons as shown here (see figure 3(B) ) and in several previous studies [27, 58] . However, for such short stimuli the stimulation threshold increases and may reach values which are harmful to the cell membrane. Our results indicate that during the first 100 μs of stimulation with TiN electrodes a charge density of 50-100 μC cm −2 is applied to the retina (see figures 5(B) and (C)). This value, as well as the PEDOT-CNT charge densities are below the safety limits established in [11] . However, for smaller electrode sizes larger local charge densities may be required. Stimulus durations longer than 100-200 μs are beneficial for a second reason. In our stimulation model we assume that axon terminals of cylinder-like bipolar cells are depolarized and release the excitatory neurotransmitter glutamate. All ion channel time constants and membrane time constants of bipolar cells are larger than 100 μs [59] , thus they do not reach steady-state values during a short stimulation period [60] . Thus for capacitive electrode materials for which constant-voltage pulses lead to a fast decline of the injected current ( figure 5 ) alternative stimuli, such as voltage ramps [27] may be beneficial.
Here we investigated voltage-controlled monophasic stimuli, similar to the ones used in a recent retina implant study [8, 25] or in deep brain stimulators [39] . Voltage-controlled stimuli restrict the electrode potential to values where water hydrolysis is prohibited and other electrochemical side reactions are unlikely. Constant voltage pulses are charge balanced and thus electrode protective if the terminating voltage phase is followed by a sufficiently long interstimulus interval. However, if only a small current is required for stimulation then constant current pulses, as suggested in a recent study [7] , can be easily applied without the stimulation voltage exceeding the water electrolysis window. For such stimuli the differences in electrode impedance may be a reasonably good predictor of stimulation efficacy. Stimulation with small constant current pulses may be achieved in two ways: Through faradaic charge transfer within safe limits [10] or by application of time-varying voltage stimuli to capacitive electrodes, for which the applied current represents the time derivative of the applied voltage [27] . Our results qualitatively indicate that less energy is required to achieve a network mediated ganglion cell spike with PEDOT-CNT electrodes as compared to TiN electrodes. This statement is inferred from the lower voltage threshold (figure 3) and lower charge transferred at threshold (figure 4). The minimal energy per pulse needed for the presented retinal stimulation is given by the product of voltage and charge. A thorough comparison of the two electrode materials with respect to the total delivered energy per spike will be addressed in a further study. It requires consideration of charge 'recovered' at the termination of the pulse (figures 4(B) and 5(C)) as well as a quantitative analysis of the evoked number of spikes ( figure 2(B) ).
Conclusions
The comparison of two materials for electrical stimulation revealed that PEDOT-CNT requires less voltage and, somewhat surprising, also less charge to stimulate retinal neurons presynaptic to the ganglion cells. Both lower voltage threshold and lower charge injection at threshold are beneficial in terms of electrode and tissue safety and may improve battery lifetime of implants.
